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ABSTRACT 

The purpose of this study was twofold: (1) to 
understand the conceptual frameworks that sixth-grade students use to 
explain the nature and structure of matter and molecules; and (2) to 
assess the effectiveness of two alternate instructional units in 
helping students change those conceptions. The study involved 15 
sixth-grade classes taught by 12 teachers in each of 2 successive 
years. Student misconceptions v/ere investigated during the first 
year. Clinical interviews administered to 2*t students and tests 
administerad to 365 students revealed that their thinking about the 
nature of matter and about physical changes in matter differed from 
canonical scientific thinking in a number of ways. The main purpose 
of the second year of the study was to compare the effectiveness of 
the original commercial teaching unit with revised curriculum 
materials in promoting studenr understanding of matter and molecules. 
Posttest scores for both years were compared. The differences in 
posttest scores concerning aspects of matter and molecules were 
statistically significant for 9 of the 10 conceptual categories 
studied. Implications for science teaching and curriculum development 
are discussed. Conceptual frameworks, charts of student conceptions 
and tasks, a copy of the pre/post test, and the interview protocol and 
anal;sis system are appended. (CW/ Author) 
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Abstract 

The 'purpose of this study was twofold: (a) to understand the conceptual 
frameworks that sixth-grade students use to explain the nature and structure of 
matter and molecules, and (b) to assess the effectiveness of two alternate 
instructional units in helping students change those conceptions. The study 
involved 15 sixth-grade science classes taught by 12 teachers in each of tvo 
successive years. 

The main purpose in Year I was to understand common student misconceptions 
about aspects of matter and molecules. Clinical interviews administered to 2-* 
students and tests administered to 365 students revealed that their thinking 
about the nature of matter and about physical changes in matter differed from 
canonical scientific thinking in a number of ways. These differences included 
molecular conceptions concerning the nature, arrangement, and movement of 
molecules as well as macroscopic conceptions concerning the nature of matter 
and how it is affected by physical changes. 

The main purpose in Year 2 was to compare the effectiveness of the 
original commercial teaching unit w revised curriculum materials in 
promoting student understanding of matter and molecules. Posttest scores for 
both years were compared. To assure that students' ability was comparable 
across the two years, reading and math scores on the Stanford Achievement Test 
were also compared, revealing no significant differences. The differences in 
posttest scores concerning aspects of matter and molecules were statistically 
significant for 9 of the 10 conceptual categories studied. Implications for 
science teaching and curriculum development are discussed. 
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Glenn D. Berkheimer, and Theron D. Blakeslee 

Th:-ioretical Basis and Purpose 

The purpose of this study was twofold: (a) to understand the conceptual 
frameworks that sixth-grade students use to explain the nature and structure of 
matter and how physical changss occur, and (b) to assess the effectiveness of 
two alternate instructional units in helping students change those conceptions. 

Scientists' explanations of the nature of matter and changes in matter 
depend on the kinetic molecular theory, which states that all matter is 
composed of tiny particles that are constantly in motion. This theory is an 
important topic for research on students' conceptions because a correct 
understanding of the nature and structure of molecules is crucial to 
understanding much of the physical sciences, chemistry, and the life sciences. 
The kinetic molecular theory provides the basis for understanding the invisible 
molecular events underlying natural phenomena as well as for explaining the 
visible aspects of these same phenomena. 

A number of researchers have worked to identify and document students' 
misconceptions concerning matter and molecules (for example, Ben-Zvi, Eylon, 6c 
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Libbarstein, 1982; Ertckson, 1979; Hibbard & Novak, 1975; Novick & Menis, 1976; 
Novlck & Nussbauri, 1978, 1981). In an interview study of eighth-grade 
students, Novick and Nussbaum (1978) examined students' conceptions of the 
kinetic molecular theory by having thfeji explain several phenomena dealing vich 
the gaseous phase of matter. Novick and Nussbaum identified several student 
misconceptions about the theory including the continuous versus the particulate 
nature of matter; unequal versus equal distribution of gas molecules; the 
existence of air, dirt, or germs between molecules versus empty space between 
molecules; and static molecules or the need for an external force to move 
molecules versus intrinsic molecular motion. 

In investigating changes of state, Osborne and Cosgrove (1983) examined 
students' conceptions about the phenomena of melting, boiling, evaporation, and 
condenration in a sample of students ranging from 8 to 17 years old. These 
researchers identified a number of specific misconceptions which were 
consistently held by students in all age groups. In spite of having received 
instruction on these topics, many students continued to use their naive 
conceptions when explaining phenomena. For example, 42Z of the students who 
were asked what bubbles in boiling water were made of said that they were made 
of air. In addition, when students were shown a sealed glass jar containing 
melting ice and were asked to explain the origin of the water which had 
condensed on the outside of the jar, 23X stated that the water came through the 
glass, while nearly 20% said that the coldness had come through the glass and 
produced water. 

The philosophy of the nature of science and scientific understanding 
guiding this research differs from more traditional views of the nature of 
science, and it is based on recent advances in cognitive science and the 
philosophy of science. According to one traditional view, learning science 



involves the mastery of two independent components, content knowledge and 
science process skills. Sased on this view, new knowledge that is generated by 
the scientific method is simply added to current knowledge. In contrast, che 
newer view of learning science sees students taking an active role in building 
new knowledge by modifying their existing conceptions (Posner, Strike, Kewron, 
£c Gertzog, 1982) . 

The research reported in this paper seeks to add to and expand on this 
conceptual change traditl'^u in two ways. First, we have tried to develop a 
more extensive and wide-ranging understanding of students' conceptions of 
matter and molecules than the understanding of che studies cited above. 
Second, we have tried to develop an analysis that is consistent with the views 
of philosophers of science such as Toulmin (1972) and psychologists such as 
Vygotsky (1962, 1978), whj argue that knowledge is fundamentally social, 
developed and held by communities as well as by individuals within those 
communities. This has led us to develop a form of analysis that includes both 
individual and social components (Anderson, 6e Roth, 1989). 

The social or functional component of scientific understanding involves 
the ability to use scientific knowledge to engage in important social 
activities: describing, explaining, predicting, or controlling real world 
systems or events. Students who truly understand science are able to apply 
their scientific knowledge to the world around them by engaging in the four 
activities mentioned above. 

The individual or structural component of scientific understanding 
involves developing both an undbrstanding of the interrelationships between 
various scientific conceptions and between scientific conceptions and one's ov^n 
prior knowledge. Succeseful learners of sc-ience are able to integrate 
scientific conceptions and their "commonsen&e" understandings of the world 
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around them instead of seeing scientific knowledge and personal knowledge as 
separate. In addition, scientific understar.ding requires an understanding of 
the complex relationships between structure and function. Performing any one 
of the four functions of science requires the integration of many concepts; 
likewise, any p^irticular concept can be used for a number of functions 
(Anderson & Roth, 1989). 

This two-level analysis was important for the larger purpose of the 
research project, which was to develop curriculum materials to teach the 
kinetic molecular theory to middle school students. The results of our 
research on student conceptions were used to modify an earlier unit from the 
Houghton-Mifflln Science program (Berger, Berkheimer, Neuberger, & Lewis, 
1979). 

Thus, this report also adds to a growing body of research concerned with 
the effects of teaching strategies and curriculum materials on students' 
conceptual understanding. Previous research has shown that knowledge gained by 
identifying and probing into students' existing conceptions of natural 
phenomena can be incorporated into the development of new curriculum materials 
designed to promote conceptual understanding. A number of recent studies 
(Anderson, 1987; Berkheimer. Anderson, & Blakeslee, 1988b; Eaton, Anderson, & 
Smith, 1984; Roth, 1985; Roth & Anderson. 1987) have shown that these materials 
can be more effective in promoting meaningful learning for students than more 
traditional science curriculum materials. These materials incorporate 
strategies which promote conceptual understanding by getting students actively 
involved in using scientific knowledge to describe, explain, predict, and 
control the world around them (Anderson & Roth, 1989; Anderson & Smith, 1987; 
Blakeslee. Anderson, and Smith. 1987; Minstrell. 1984). Thus, conceptual 



understanding and student achievement have been significantly improved by 
incorporating scientific knowledge with students' existing conceptions and by 
having students apply their new knowledge in developing explanations for common 
natural phenomena. 

Tne development process for the new unit, "Matter and Molecules," is 
described in detail in other papers (Berkheimer et al., 1988b; Berkheimer, 
Anderson, & Spees, 1990). The unit itself is also available (Berkheimer. 
Anderson, & Blakeslee, 1988a; Berkheimer, Anderson, Lee, & Blakeslee, 1988). 
This paper compares student achievement with the original and with the revised 
units . 

Method 

Subjects 

The study involved 15 sixth-grade science classes taught by 12 teachers In 
each of two successive years. The classrooms were located in all four middle 
schools in an urban school district with an ethnically mixed, primarily lower 
socioeconomic population in the Midwest: 251 black, IQ% Hispanic, 3% Asian, 2% 
American Indian, and 60% white students. Every sixth-grade science teacher in 
the district participated in the study (16 teachers in Year 1, 14 teachers in 
Year 2). Teachers whc participated in only one year of the study due to 
change.-? of assignment were deleted from the sample reported in this paper. All 
12 of the teachers who participated in both Year 1 and Year 2 were veteran 
teachers with previous experience teaching the original Models of Matter unic 
(Berger et al., 197?). To be representative of the student population in the 
school district, 12 regular and 3 accelerated classes taught by the same 
teachers were selected each year. 
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Four out of the 12 teachers worked closely with the development project as 
collaborating teachers, one from each of the four schools. One of ':he major 
contributions of the four collaborating teachers was to field- test instruments 
and curriculum materials before they were administered or implemented in the 
other classrooms (Berkheimer et al., 1988b). 

Two kinds of instruments were administered to students each year: 
paper-and-pencil tests and clinical interviews. The two instruments and the 
procedures for the administration of them were the same in both years. Four 
classes taught by the four collaborating teachers were given a paper-and-pencii 
test prior to instruction. During the first year, 101 students took the 
pretest; during the second year, 105 students took the pretest. After 
instruction, all of the 15 classes, including the above four classes, were 
given the same test. During the first year, 365 students took the posttest; 
during the second year, 370 students took the posttest. 

Twenty. four students from the classes of the four collaborating teachers 
also participated in clinical interviews both before and after instruction each 
year, totaling 48 students during the two-year period. These students w?re 
selected by their teachers, who were asked to select two students from each of 
three achievement levels: high, middle, and low. 

Curriculu m Materials 

Two alternative sets of curriculum materials were used during the two 
years of the study (Berkheimer et al., 1988b). During Year 1, students studied 
the original Models of Matter unit includCid in the sixth-grade level of the 
Houghton Mifflin Science series (Berger et al.. 1979). In Year 1 the main 
purpose was to understand common student misconceptions about aspects of matter 
and molecules, misconceptions which would be addressed in the revision of 
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the original unic. During the secona year, students studied the revised Matter 
and Molecules unit developed by the research project team (Berkheimer et al., 
1988; Berkheimer et al., 1988a). In Year 2 the main purpose was to compare the 
effectiveness of the two sets of curriculum materials used in Year 1 and Year 

« 

2. 

The two sets of instructional materials are different in several respects 
(see Berkheimer et al., 1988b for details). First, the primary knowledge base 
of the Models of Matter unit consisted only of canonical scientific knowledge, 
while the Matter and Molecules unit was also based on the research concerning 
students' conceptions about the unit content as reported in this paper. 
Second, in contrast to the Models of Matter unit, which described learning 
outcomes as a set of interacting concepts and process skills, the Matter and 
Molecules unit described learning outcome?; as a set of conceptual changes which 
students needed to undergo as they learned to perform scientific tasks. Third, 
while the Models of Matter unit focused only on molecular conceptions, the 
Matter and Molecules unit also included a set of macroscopic conceptions 
concerning the nature of substances and how th^y are affected by physical 
changes. Fourth, the Matter and Molecules unit emphasized to students how 
properties of invisible molecules are associated with properties of observable 
substances and physical changes. Finally, in order to accomplish these 
curricular and instructional goals in the Matter and Molecules unit, exten;.ive 
efforts and resources were invested in the process of .eveloping and 
field- testing draft materials and a series of revisions. As such, the Macter 
and Molecules unit was developed with a goal of promoting students' scientific 
understanding through conceptual change. 




Instrum ents and Data Analyses 

Two kinds of instruments were developed, each providing different types of 
data and each complementing the other. Paper-and>pencil tests were used to 
gain an overall view of alternative student conceptions regarding aspects of 
matter and molecules. Clinical interviews were used to provide a deeper 
understanding of student conceptions and to validate the scoring of the 
paper-and-pencil tests. 

Both the paper-and-pencil tests and clinical interviews were developed 
using a three-step cycle developed in previous research on conceptual change, 
as illustrated below (Anderson, Sheldon, & Dubay, in press): 

^ \j 

Hypotheses Writing and Coding and 

about students' > field-testing ^ analysis of scudents' 

conceptions questions responses 

In addition to the instruments themselves, we developed a tasks -bv- 
conceptions chart that showed the relationship between the structural 
(individual) and functional (social) aspects of student understanding and also 
guided data analysis. The tasks are stated as behavioral objectives calling 
for students to describe, explain, predict, or control various classes of 
phenomena, while the conceptions represent the knowledge students are to 
acquire and integrate. These conceptions can include different types of 
knowledge (conceptual, procedural, metacognitive , and so forth) that students 
use to perform scientific tasks. 

Appendices B and C present the tasks-by-conceptions chert and the list of 
conceptions used in our study of the kinetic molecular theory. We identifier 
19 conceptions related to this theory, some dealing with concepts on the 
observable or macroscopic level, and others dealing with concepts on the 
molecular level (see Appendix B) . As the chart in Appendix C demonstrates, in 
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order to successfully perform a particular task, students are required to 
understand and integrate a number of conceptions. The tasks, therefore, can be 
thought of p,7 the contexts in which knowledge will ba acquired and used. The 
successful performance of a certain task requires the use of several concep- 
tions, that is, both content knowledge and process skills. In this view of 
learning science, thpre is no distinction between these z\,o types of knowledge. 

The instruments, and data analysis procedures are described below for both 
the paper-and-pencil tests and the clinics ' interviews. The reliability among 
coders for each of the instruments and the reliability between the two insCiTu- 
ments are also discussed. 

Paper- and'pencll test . Initially, a pool of test items dealing with the 
kinetic molecular theory was developed based on three major sources: (a) ques- 
tions dealing with the 12 key ideas of the kinetic molecular theory stated in 
the Houghton Mifflin Science textbook (see Appendix A), (b) hands-on activities 
in the Houghton Mifflin Science textbook, and (c) questions used in previous 
research on the kinetic molecular theory. 

Two parallel tests were developed and then pilot tested by a reference 
group of sixth-grade science students. The effectiveness of individual 
questions on each test was evaluated according to two major criteria: (a) how 
well a question elicited responses that revealed alternative student 
conceptions, and (b) how well a question communicated with students in terms of 
the clarity of expressions or wording, and in terms of avoiding potential 
difficulties of interpretation. After carefully examining student responses, 
questions that met the above two criteria were selected. New items were also 
developed based on our hypotheses about student conceptions and the parallel 
work on the clinical interviews (described below). Finally, one test was 
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constructed which was comprehensive in covering the unit content but short 
enough to be administered within a 40-50 minute class period. 

The test was designed to assess student understanding of a number of key 
conceptions in the kinetic molecular theory (see Anderson & Smith, 1983; 
Blakeslee et al. , 1987 for more information). The test included 26 questions 
in multiple-choice and short essay formats (sea Appendix D) . Some of the 
questions on the test asked about "knowledge" (e.g., "Have you ever heard of 
molecules ? If you answered yes, what do you think molecules are?"), but che 
majority of the questions asked for explanations of physical phenomena (e.g., 
"Explain, in your own words, why heating a solid makes it melt. Explain in 
terms of molecules of the solid, if you can."). Other questions examined 
students' ideas about the nature of matter both at the macroscopic level 
(concerning the nature of substances and their properties) and at the molecular 
level (concerning molecules and their properties). 

After test construction was completed, project staff members administered 
the tests. During both years, four classes taught by the four collaborating 
teachers were given the tests prior to receiving instruction on a unit abouc 
molecules; all 15 classes were given the tests after instruction. To 
reiterate, students were taught using the original Models of Matter unit in 
Year 1, and the revised Matter and Molecules unit in Year 2. No attempt was 
made to make up tests for students who were absents Students completed che 
test within a class period of 45 or 50 minutes • 

The coding system to analyze student conceptions was developed after 
examining student responses on the tests. Originally, the coding system was 
based on the 12 principles of the kinetic molecular theory stated in the 
Houghton Mifflin Science textbook (see Appendix A), Student responses on the 
pilot tests, however, revealed that their learning difficulties were caused by 
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their misconceptions about observable properties of substances and physical 
changes as well as their misconceptions about invisible molecules. As a 
result, the final version of the coding system was designed to assess student 
understanding of 19 conceptions: eight conceptions ac the macroscopic level 
and 11 conceptions at the molecular level. For each of these 19 conceptions, 
the scientific goal conception and naive conceptions were identified (see 
Appendix B) ♦ 

For each of the 19 conceptions, student responses were coded and tallied 
across several relevant questions to give a "conception score" that indicated 
one of three categories: (a) scientific goal conception, (b) ambivalence, or 
(c) misconception. For each conception, we determined what minimum score 
constituted adequate understanding of the conception. 

Because reporting on 19 different conceptions is unwieldy and hard to 
follow, and because many of the conceptions are related, we have combined the 
19 conceptions into five more general categories, each with a macroscopic and 
molecular component. These categories are described in detail in the results 
section and summarized in Table 1. 

Clinical interview . First of all, several major tasks requiring 
description, prediction, and explanation of natural phenomena were identified. 
The criterion for the selection of tasks was to develop a minimum number of 
tasks representing the unit content comprehensively. A structured interview 
protocol was established, allowing four interviewers to follow a standard 
procedure. At the same time, to adapt to a variety of student responses and 
lines of reasoning, branches of probe questions were esC^Llished throughout ch 
interview protocol. After construction of a draft interview protocol, pilot 
testing was conducted by a reference group of sixth*grade students. After 
careful examination of student responses, the final interview protocol was 



developed. It included five major tasks: (a) the nature of matter and three 
states of matter, (b) expansion and compression of gases, (c) changes of state, 
(d) dissolving, and (e) thermal expansion (see Appendix E) . The questions 
investigated various aspects of students' understanding of matter and molecules 
at both macroscopic and molecular levels: prediction and description to some 
extent, and predominantly explanation of natural phenomena. 

After completion of the intexrview protocol, 24 students were interviewed 
each year. Each student was interviewed prior to and after instruction using 
Che original "Models of Matter'' unit in Year 1 and the revised Matter and 
Molecules unit in Year 2. During the interviews, the students described, 
explained, and made predictions about real -world phenomena presented by the 
Interviewers. Each interview took about a class period of 45 or 50 minutes 
with each student. The interviews were tape-recorded and later transcribed. 

Student responses were analyzed using the tasks-by-conceptions chart. As 
a first step, student responses for each example were judged as representing 
one of the following categories: (a) scientific goal conception, (b) partial 
understanding of scientific conception, (c) misconception, or (d) ambiguous 
response. The judgments were coded in the blank cells on the task-by- 
conception chart (see Appendix F). For each conception, a student's responses 
across relevant tasks were judged as representing one of the above four 
categories. Since the main purpose of the clinical interviews was to gain a 
deeper understanding of student conceptions based on student responses on 
paper-and-pencil tests, the focus of analysis was on'the description of 
alternative student conceptions for each of 19 issues on the tasks by 
conceptions chart, rather than any summative, formal analysis. 
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Reliability. Two issues will be discussed: (a) reliability among coders 
for each of the two instruments and (b) reliability between the two 
instruments . 

1. Paper-and-.)encil test. After the coding system for paper-and-pencil 
tests was developed, all the staff members tried the system independently on 
randomly selected tests. When there were disagreements, the coding system was 
revised. The system was established when there was general consensus among the 
staff members about the effectiveness of the system. Then, four college 
undergraduates, whose primary responsibility involved coding student responses 
on tests, practiced together in a group and then independently. When the level 
of agreement exceeded 90X, the four coders began to code tests independently. 
Before they started coding test materials in Year 2, the same four coders 
practiced again until they reached levels of agreement of above 90X. 

2. Clinical interview. The coding system for clinical interviews was 
developed and tested by the four interviewers, all senior staff members. As 
the system was being developed, the four interviewers practiced coding in a 
group as well as independently. When they had reached general consensus abouc 
criteria for coding decisions, each interviewer coded responses for the 
students that he or she had interviewed. 

3. Reliability between the two instruments. After coding was completed, 
the reliability between the two instruments was calculated. Only responses of 
those students who completed both paper-and-pencil tests and clinical 
interviews were included. Student responses were analyzed as revealing their 
level of understanding into one of three categories: (a) scientific goal 
conception, (b) misconception, and (c) ambiguous response or partial 
understanding. 
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The reliability between the two instruments was obtained based on the 
agreements or disagreements of decisions across each of the 19 conceptions with 
all 48 students. An agreement was assigned when the two decisions for a 
conception from the two instruments were congruent, that is, both scientific 
goal conceptions, both ambiguous, or both misconceptions. Disagreements were 
assigned to all the other combinations of decisions. The reliability between 
the two instruments was 73. 3X. Considering the fact that analyses were 
conducted by multiple coders on information collected from multiple sources 
involving a relatively small number of students, we deemed reliability between 
the two instruments to be satisfactoiry . 

Results 

This section includes two parts. The first part describes common student 
misconceptions based on student responses in clinical interviews. This part 
also examines the relative effectiveness of the two instructional units based 
on student performance on tests and illustrates successful and unsuccessful 
patterns of student learning with examples from student interviews. The second 
part presents a more rigorous comparison of the relative effectiveness of the 
two instructional units based on statistical analysis of student performance on 
tests. 

P^^^t I; — Student Conceptions and Student Learning 

In generfi.1, student responses for all the 19 conceptions prior to 
instruction showed that most students had misconceptions at the macroscopic 
level and did little more than guess at the molecular level. The overall 
percentage of students who demonstrated adequate understanding of scientific 
conceptions on paper- and-pencil tests prior to instruction was 3.8% in both 
Year 1 and Year 2. Student responses after instruction in Year 1 showed that 
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many students learned to use "molecular" language while retaining some basic 
misconceptions they had prior to instruction. Overall, the students showed 
scientific understanding of about 26% of the scientific goal conceptions afcer 
instruction in Year 1. The results for Year 2 were better, though still far 
from perfect. Overall, students demonstrated understanding of 50% of che 
scientific goal conceptions on the Year 2 posttest. 

As described above and in Appendix B, the original analysis focused on 19 
conceptual issues, 8 at the macroscopic level and 11 at the molecular level. 
For the sake of conceptual clarity in our discussion, we recombined those 19 
conceptual issues into five general categories, each having a macroscopic and a 
molecular component. Those five categories serve as the basis for the 
discussion in this section and they are summarized in Table 1, below. Common 
student misconceptions are compared with scientific goal conceptions at che 
macroscopic and molecular levels in each category in Table 1. The table also 
shows the percentage of students who demonstrated understanding of the 
scientific goal conceptions on paper- and-pencil tests prior to and after 
ins-ruction in Year 1 and Year 2. Detailed descriptions of student conceptions 
in each category are presented below. 

Category 1: Nature of matter . The kinetic molecular theory is a theory 
about both matter and molecules. In order to understand and explain natural 
phenomena using the kinetic molecular theory, students need to first develop 
some basic understanding of the nature and structure of matter. The kinetic 
molecular theory is built around the idea that material substances are made of 
molecules. But what exactly are material substances? This turns out to be a 
difficult question for many students. At the qi acroscoplc level, many students 
either were not familiar with matter as a scientific term or defined the term 
intuitively, often with statements such as "matter is anything you can feel or 

15 

20 




you can see." These intuitive definitions often proved troublesome, since, for 
example, many students believed that they could not feel air, but they could 
feel heat. 

The conventional textbook definition, "matter is anything that has weight 
(or mass) and takes up space," was of little help to most students. They 
generally believed gases such as air, helium, and the smell of popcorn to be 
weightless. Conversely, they often believed that forms of energy such as 
light, heat, and electricity take up space, in general, it appeared that many 
students saw the world as consisting of solids, liquids, and various kinds of 
ephemeral "stuff," including gases and various forms of energy. Many students 
were not at all clear about what scientists consider the critical distinction 
between gases-such as air and helium-and forms of energy.-such as heat and 
light. These difficulties do not automatically resolve themselves as students 
mature. Hesse and Anderson (1988) observed similar difficulties among high 
school students in chsmistry classes. 

The nature of smells was a difficult concept for most students. They did 
not classify smells as solids, liquids, or gases, but usually listed them as 
"other." Many students also believed that smells were not really matter, but 
usually made of "odors," "fumes," or something ephemeral. 

Another common misconception concerned the conservation of matter during 
physical changes. Although this issue will be discussed in several other 
places with more specific examples, three common patterns of misconceptions 
seem to emerge: (a) substances are conserved during physical changes, but not 
necessarily mass, (b) substances transform into other substances during 
physical changes, rather than simply changing form, and (c) substances 
disappear and cease to exist, instead of continuing to exist but becoming 
invisible. Student misconceptions about conservation of matter were a 
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Table 1 : Students' HUconceptiortft gbcut Aspects of Kinetic Kolecular Itieory 
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recurring problem and presented difficulties for students in describing and 
e>:plaining a nunib^^r of phenomena. 

Student performance on paper-and-pencil tests prior to instruction in both 
years showed that only a small number of students understood the nature of 
matter at the macroscopic level: 4.3% in Year 1 and 5X in Year 2. Many 
students had difficulties even after instruction in Year 1; only 20.97. of the 
students demonstrated scientific understanding. For instance, after learning 
about the term "matter" and its definition, some students thought that 
"Everything is matter, whatever exists," including forms of energy such as 
light, heat, and electricity. They further reasoned that these forms of energy 
were not solids, liquids, or gases, but "different forms of matter." In Year 
2, 46.6% of the students understood scientific conceptions of the nature of 
matter after instruction as demonstrated, for instance, in the following 
interchange between the interviewer (I) 2nd a student (S): 

I: Can you think of any way that those three things (air, 

water, and rock) are similar? 
S: They've both got molecules, uni . . , They're both 

matter, and they both weigh . . . they have weight. 

They take up space. 
I: What do you mean when you say the word matter? What 

does that mean? 
S: You can feel it, you can see itj um, wait ... it 

takes up space, and it has weight. 



If you keep boiling water, does anything happen to the 
amount of water? 

It will go down ... It turns into water vapor and 
then it kind of evaporates. 

When it evaporates, is it completely gone or does it 

stay somewhere? 

It stays in the air. 



At the molecular level, many sixth graders had never heard of molecules 
before a unit on molecules was taught. Many students had no idea about what 
substances are made of. When students were asked what substances might look 
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like at the sub-microscopic level, many students explained in terms of 

observable properties: 

S: [In the air] there are little specks of dust . . . 
raindrops or something. Little things, fleas . . . 
Dirt, urn, dirt can be little stones and stuff. That 
is about it .... [In the water] Oxygen. Maybe 
ice ... if it melts, it turns into water ... [In 
the rock] there are sand and dirt. 

Even those who had some knowledge about molecules prior to instruction 
usually had incorrect ideas about the nature and properties of molecules, such 
as what molecules are, where they are found, how they move, how big they are, 
and so on. Even after instruction, many students in Year 1 and some in Year 2 
still held misconceptions. Students who were unable to distinguish matter from 
notunatter often failed to describe examples of matter as being composed of 
molecules, while others believed that some forms of nonmatter were composed of 
molecules (e.g., heat molecules). 

Of the students who had some knowledge about what molecules are, many 
showed various kinds of misconceptions. First, many students believed that 
molecules are In substances rather than that the substances are composed only 
of molecules. Students thought th&t water, for instance, contains molecules 
like blueberries in a muffin rather Chan consisting of water molecules and 
nothing else: 

S: They [molecules] are little particles. They are in 
most things. Well, they are in everything. 

S: Germs and molecules float in the air. 

Second, many students thought that in addition to molecules, there are 

other things in substances: 

S: [In the air] there are molecules . . . Gases, fumes or 
something like that . . . and moisture ... [In the 
water] there are molecules [represented by big dots] 
and air [represented by small dots] . . [in the 
rock] there are molecules only. 
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Finally, some believed that molecules were animate: 

S: Molecules are tiny organisms that live in the air, and 
they just are always moving around to stay alive. 

S: If it weren't for molecules, everybody wouldn't be 
alive right now. 

Students who believed that molecules are in substances also believed thac 

rhere can be something else between the w.)lecules, as opposed to the scientific 

conception that there is empty space between molecules. 

S. Well, yeah, there's space, but there's got to be some- 
thing in it. I mean you don't see open spaces in 
water. 

Then, what is between the molecules of substances? First, some students, 

especially those who thought that there are other things in substances in 

addition to molecules, believed that there are different kinds of "stuff" 

between molecules of substances in different states: 

S: [In the air] there is air between the molecules . . . 
[later changed into] gases, just gases that make up the 
air ... (in the water] there is nothing between mole- 
cules or air ... (in the rock] there is dirt between 
molecules. 

Second, some students thought that the same substance exists between the 
molecules of a substance: 

I: We'll talk about the water after **e talk about the air. 
S: The liquid is between the molecules. The water is in 

between the molecules. 
I: Is there anything in the space between these molecules 

[in the air]? 
S: Air. 

I: Is there anything in between the molecules [in the 

rock]? 
S: Rock. 

Finally, others thought that there is a "generic" kind of air or air 

molecules between the molecules in air, water, or rock: 

I: Is there anything in that space between the molecules 
(in the water]? 
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S: Air. 

I: Would ther': be anything between the molecules of rock? 
S: Um, air. 

I: Would there be anything in between these molecules [in 

the air]? 
S: Air. 

A number of students also had misconceptions about the size of molecules. 

perhaps because students rarely, if ever, talk or think about things which are 

as small as molecules. Although students usually thought of molecules as 

small, it was hard for them to understand how small they really are. Many 

students thought of molecules as cocsparable in size to other tiny objects wich 

which they were familiar, such as specks of dust, bacteria, or cells: 

S: They (molecules and dust specks] are both about the same 
size. A speck of dust is three times bigger than 
molecules. 

Students who said that molecules are smaller or much smaller than these 
objects still believed they could see molecules with a microscope or 
"magnifying lenses." Even after the revised Matter and Molecules unit 
emphasized that molecules are too small to be seen even with the most powerful 
microscope, some students, when asked if they could see molecules with a 
microscope, said, "Probably, maybe a little bit. Not much," or "I think so. 
yeah, barely." 

Students had difficulty understanding that molecules are constantly 

moving. Some students thought that molecules may sometimes be still, 

especially in solids, where no motion of the substance is visible: 

I: In the rock, do you think the molecules would be 
moving? 

S: Just a little bit, I'm not sure. Yes, probably, just 

a little bit. 
I: Would they ever stop moving? 
S: I don't know, maybe a few times, or sometimes. 

S: The rock is a very solid form, and it doesn't have any 
moving molecules in it until it's like broken. 
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Others thought that molecules begin to move when external forces are 
applied: 

S; Molecules In the air are moving, because the wind blew 
them. 

I: Would the molecules be moving in the water [in a cup]? 
S: Yes, like, if you moved the water, the stuff 

[molecules] inside of it will move. 
I: And what happens if the water is still? 
S: They might probably just move a little bit. 

Thus, the constant motion of molecules is difficult for students to believe, 

both because it seems to contradict the evidence of their senses and because 

they have never encountered objects that, like molecules, are so tiny chat they 

are unaffected by friction and thus never come to a stop. 

At the molecular level, student performance on paper- and-pencil tests 

showed that only a few students correctly understood the nature, size, or 

motion of molecules prior to instruction: 6% in Year 1 and 5.4Z in Year 2. 

After instruction 35. 6Z of students in Year 1 and 62. IX of students in Year 2 

demonstrated adequate understanding of scientific conceptions. Some of the 

scientific responses given by students after instruction in Year 2 were as 

follows : 

S: Well, molecules are tiny, and they are always moving, 
and the molecules are the things that make up stuff. 

S: It [a molecule] is the tiniest part of a substance. 



I: 
S: 

I 
S 
I 
S 

I 

s 
I 



How big are molecules? 

Molecules are about a trillion times smaller than a 

speck of dust. 

Can you see molecules? 

Nope. 

How about through a very powerful microscope? 
They are still too small. 

Would they [molecules] ever stop moving? 
No. 

Say, this week it got down to 15 below zero. Would 
the molecules of air still be moving at 15 below 
zero? 
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S: Yeah, they never stop. 

I: Do you think there is anything between molecules [of 

the rock] here? 
S : Space . 

I: OK. Is there anything in the space? 
S: No. 

I: Nothing, so is it empty? 
S: Yeah. 

Category States o f matter . When students were asked to describe the 

three states of matter at the macroscopic level, they often described them in 
terms of observable properties, such as, solids are hard and heavy, liquids are 
wet and runny, and gases are invisible and light. Rarely did they talk about 
three states of matter at the microscopic level. This is not surprising, at 
least prior to instruction, considering the fact that few students had ever 
heard of molecules. Even after the unit was taught, however, many students in 
Year 1 and some in Year 2 still had difficulty understanding the scientific 
conception: In solids, the molecule's are locked in a rigid pattern and vibrate 
in place; in liquids, the molecules slide and bump past each other; and in 
gases, the molecules move freely with much more space between them than in the 
liquid or solid states. 

One of the major difficulties for students was their confusion between 
observable properties of substances and properties of molecules. For instance, 
some students attributed observable properties of states to molecules 
themselves: 

S: Molecules are frozen in ice, because they are solid 
together. 

S: The ice is cold . . . the ice molecules would be 

colder than the ones in the water. 
S: Molecules are hard [in rock) because they're all 

packed together. 

Student performance on paper-and-pencil tests at the molecular level 
showed that very few students had scientific understanding of the states of 




matter prior to instruction: about 2.5% in Year 1 and 1.9% in Year 2. After 
instruction, 27.3% of the students in Year 1 and 52.7% of the students in Year 
2 could give scientific explanations. The following excerpt comes from an 
interview with one such student in Year 2: 

I: Now you have three drawings (made by the student and 
representing molecules of air, water, and rock] in 
front of you. Could you tell me the differences among 
these three drawings? 

S: Well, in air the molecules move freely and farther 

apart. In water they are closer together in a pattern 
but it is not rigid and they move still. In the rock, 
it's a rigid pattern and *:hey vibrate in their own 
space. 

I: Do you think that molecules are moving all the time 
and never stop, or is there any occasion when mole- 
cules may stop moving? 

S: They are always moving. 

I: Well, how about in ice? 

S: In ice, the molecules are vibrating in their own place 
like in the rock, a solid. 

As opposed to the scientific conception that gases can be compressed or 

expanded and spread out evenly, students believed that air flows like water 

from one place to another and, thus, is unevenly distributed. (Unlike all the 

other information presented in this paper, the following data for compression 

and expansion of gases are based on student responses at both macroscopic and 

molecular levels.) For instance, when air is compressed in a syringe, some 

students thought that air was pushed forward and moved to the opening of the 

syringe: 

S: Because the air is all bunched up together. The 
plunger is pushing the air forward. 

Similarly, when the plunger was pulled back, they thought air was pulled 
back and concentrated around the plunger: 

S: You're pushing it in and then when you bring it out, 
it's all noving because it's all going back into 
place. It is uioving because of the force. 
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These students applied the same reasoning to the properties of molecules, 

that is, air molecules moving from one place to another: 

S: Because the molecules are all pushed up in here 

because they don' t have an)n.7here to go out so they go 
down there [opening of the syringe]. 

Some others explained compression and distribution of air 

anthropomorphically : 

S: Well, the molecules want to get out and be free, so 
they're pushing and you're pushing off, so they just 
go to one place until you let it go. 

In attempting to explain why gases are compressible and liquids are not, 
students often focused on observable differences between air and water. For 
example, some students said that they were unable to compress water in a 
syringe because water is "harder" or "heavier" than air, water has more "stuff" 
in it, or "water takes up more room." 

Some students applied the same macroscopic misconception to properties of 
molecules: 

S: Molecules are different. So they act differently and 
when you press down on air, they go down because 
there's not , , , The water is kind of heavy and it 
would also stop the syringe, and the air isn't heavy 
so the syringe would go down until the molecules got 
bunched up. 

Even students who understood that there was much more space between 

molecules of gases versus liquids often got the details wrong. For instance, 

some students thought that: there is no space between molecules in water: 

S: Because water doesn't have anything in between the 

particles and air does, With water, there is no space 
to push , , , In air, there is something between the 
particles, air or something, and you can move a little 
ways. And there is no space to move in here [water). 

Explaining the difference between compression of gases and compression of 

liquids was a difficult task for many students. A very small number of 
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students had adequate understanding of scientific conceptions (at the 
microscopic and macroscopic levels combined) prior to instruction- -3X in Year L 
and 3.8X in Year 2. Even after instruction, only 21. IX of students in Year I 
demonstrated conceptual understanding. In contrast, 49. 6X of students in Year 
2 demonstrated understandin^j of scientific conceptions after instruction. 

I: How would you compare air before you pushed on the 

plunger and after you pushed on the plunger with air 

in it [the syringe]? 
S: Before, they are just all over in the syringe, not in 

any special pattern or anything. Now, after, they are 

close together, they are packed in close together. 
I: Do you think there are more molecules in one place 

than in another, or are they just spread apart? 
S: They are spread apart in their own space and they are 

close together, so they are spread apart in there as 

much as they can be. I think they are spread out 

about the same. 

Category 3: Thermal expansion . The explanation of thermal expansion 
requires knowledge about properties of molecules. When a substance is heated, 
the molecules of the substance move faster and, therefore, move farther apart, 
which causes the substance to expand. In contrast, when a substance is cooled, 
the molecules move more slowly and move closer together, so the substance 
contracts. 

At the macroscopic level, student predictions and explanations of 
phenomena involving thermal expansion indicated that they often did not believe 
that substances expand when heated. For instance, when asked to predict what 
would happen when a metal ball is heated (thermal expansion of a solid), some 
students said that a metal ball would "shrink," or "shrivel up," or "it would 
be smaller. The heat would make it dissolve." They were surprised to observe 
that the metal ball could no longer be pulled through a close-fitting ring when 
the ball was heated, indicating that the metal ball, in fact, did get bigger 
when heated. 
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Students were also asked to predict what would happen to a balloon on cop 
of a cold bottle when the bottle was wanned up (thermal expansion of a gas). 
Most students predicted that the balloon would blow up or get larger, but not 
because of thermal expansion. Instead, they believed that the balloon would 
blow up because of hot air or heat: 

S: The balloon will blow up because the heat will rise 

and make it blow up. The air is blowing it up because 
it's rising. 

S: I think, like the hot air from holding it in your 
hands will rise. So, it will fill up the balloon. 

S: The heat would take the place of the cold air. 

Thus, student responses seemed to indicate that, rather than believing 
that air had expanded, they believed that air in the bottle moved from the 
bottom to the top and, therefore, there was hot air (or heat) at the top and 
cold air at the bottom. This was further confirmed when many students 
predicted that if the bottle was turned upside down, the balloon would become 
smaller because "hot air would rise and cold air would go down." 

Even though most students did not understand prior to instruction chat 
substances expand when heated (at the macroscopic level correct responses 
totaled 10. 9X in Year 1 and 17. 9X in Year 2), this turned out to be one of che 
easiest concepts for students to learn in both years- -67.75: in Year 1 and 79.7% 
in Year 2. Especially in Year 1, this concept was understood by far more 
students than any other conbcpt. 

If many students understood th^t substances expand when heated, did they 
also demonstrate scientific understanding at the molecular level? This did not 
seem to be true for many students, especially after instruction in Year 1. 
There seemed to be several major reasons why many students had difficulties 
giving molecular explanations. Some students used molecular language to 
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express the same basic misconceptions as those described at the macroscopic 
level: 

S: When your warm hands touch it [the bottle), the 

particles will force the cold air particles up into 
the balloon and then the balloon will be blown up. 

Many students were confused between observable properties of substances 

and properties of molecules, so they attributed changes in substances to 

changes in molecules themselves. For instance, they thoi^ght that the reason 

why a substance expands is because molecules themselves expand: 

S: It [the balloon) will blow up because the air mole- 
cules are expanding and they need more room so it will 
go into the balloon. 

S: It [the metal ball) wouldn't go through the ring, 

because the molecules expanded and caused it to get 
bigger. 

Some students also thought that heating makes molecules themselves oecome 
warm or hot: 

S: Well, warm air rises, and warming up the bottle is 

warming up the air molecules inside, and the molecules 
are rising up and going into the ba3.1oon. 

S: Molecules [in air) would be frozen .^.n the cold 

bottle), then they would be warmed up and then they 
try to go out. 

Even students who were aware of a relationship between heat and molecular 
motion often got the details wrong. For instance, some students thought that 
molecules start to move when a substance is heated, causing the substance to 
expand: 

S: Because the air particles when you freeze it are still 
in the bottle when they are frozen. When you warm up 
the bottle, the molecules is gonna start moving and go 
up into the balloon, and the balloon is gonna gee 
bigger. 

S: Molecules are not moving before the ball M heated, 
because they are solid and they are staying that way. 
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When the ball is heated, they start moving so they can 
expand. ^ 

The comparisons of student performance (at the molecular level) prior to 
and aftei- instruction between Year 1 and Year 2 are shown in Table 1. Only a 
small number of students seemed to understand thermal expansion in molecular 
cerms--3% in Year 1 and 1.4X in Year 2. Compared to 36. 2X of str.dents after 
instruction in Year 1, 58X of students in Year 2 demonstrated understanding of 
scientific conceptions. 



I: Would anything happen [when the bottle with the bal- 
loon on it is warmed)? 
The balloon would blow up a little bit. 
Why would that happen? 

Because the molecules start moving faster and they go 
farther apart and need some place to go and if the 
opening . . . they go everywhere they can, .so they go 
up m the balloon. 
I: Which molecules are we talking about? 
S: The air molecules. 

I: Why can't the ball go through the ring now? 

S: Because the heat from the hot place made the substance 

expana. It made the molecules move faster, farther 

apart, making the substance expand. 

[Later when the ball cooled down). 
I: Why can it go through now? 

S: Because the molecules are moving slower and they slow 

down, so they get closer together. 
I: What happens to the ball? 
S; The ball gets back to its normal size. 

CateRory 4; Df .sso] vtng . Students are familiar with the phenomenon of 
dissolving in daily life, but explaining the process requires understanding of 
several key ideas. At the macroscopic level, students must understand that 
solute is still present in the solution, but that it breaks up into pieces too 
small to be seen. At the molecular level, students must understand two key 
ideas. First, molecules of liquid hit the grains or chunks of solid. Second, 
molecules of solid break away and spread out evenly in the liquid. 
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At the macroscopic level, some students did not understand conservation of 
matter during dissolving. They thought that since sugar was not visible vhen 
dissolved in water, it no longer existed: 

S: I mean, like, it dissolves ^nto, it dissolves into noth- 
ing, and just ... It means it disappears, I guess. * 

I: Is it gone forever? Is that what you mean by 
disappears? 

S: Yeah. 

Others thought that "the sugar kind of evaporates from the water" or "ic 
melted away." Even when they were asked to caste the water in which the sugar 
had been dissolved, some still insisted that they could not taste sweetness. 
After instruction in both years, many students understood that when sugar 
dissolves in water, "it [sugar] stays in the water, but we can't see it." 

Students who understood correctly that the solute is still present after 

it dissolves were often confused in other respects. The process of dissolving 

occurs through interactions between liquids and solids. Although the key 

substances are solids that dissolve in liquids, liquids also have an important 

function in the change. Water, for instance, has a critical rol^ in the 

dissolving of sugar; water molecules hit the sugar molecules and cause them to 

break away from the sugar crystals. Major learning difficulties for most 

students were the fact that they did not understand the interaction between 

liquids and solids and, accordingly, revealed various kinds of misconceptions. 

When asked how sugar got out of a tea bag that was dipped into water, many 

students focused on the interaction between the water and the tea bag rather 

than the water and the sugar: 

S: The water makes the package ali. wet and sugar starts 
to come out of the holes in the bag. 

S: Because the tea bag feels like paper, it [water] is 
going to open, just put a hole in the paper. 

S: Sugar comes out because the tea bag gets bigger. 
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Others thought that sugar "somehow" went through the holes of the tea bag 

S; The bag is getting wet, and 't's causing it [sugar] to 
somehow go out and get into unere (the water]. 

S: Sugar soaks through because the bag gets so wet that 
it can soak through, maybe. 

S: When it [sugar] gets wet, it can soak through. 

Many others thought that sugar "melted" like ice melting: 

S: Sugar is so sweet, so it melts into water. 

S: As I put it [sugar] in the water, the sugar sort of 
started to melt and went through the holes. 

Finally, some students, especially those who believed that the sugar 

melted, thought that 5olid sugar turns into a liquid, either water or sugar: 

S: It [water] gets it [sugar] wet so that the sugar 
eventually becomes water. I mean sugar eventually 
melts into the water. 

S: Well, it [water] will make it [sugar] into a liquid, 

because it melts . . . Solid sugar changes into liquid 
sugar. 

Student performance on paper-and-pencil tests prior to instruction showed 
that a very small number of students gave adequate scientific explanations of 
dissolving at the macroscopic level: 9.9X in Year 1 and 7.5Z in Year 2. Even 
after instruction, only 21. 4X of students in Year 1 demonstrated scientific 
understanding compared to 66. 5X of students in Year 2. 

At the molecular level, almost no students gave adequate explanations of 
di ssolving prior to instruction. Even after instruction, many students in Year 
I still did not use molecular language at all. Of those who gave molecular 
explanations, many used molecular language to express the same basic 
misconceptions described above at the macroscopic level. For instance, some 
students thought that water interacted with molecules of the tea bag rather 
than the molecules of sugar: 
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S: It [water] spreads out the molecules of the tea bag so 
that the sugar can come out. The molecules of the tea 
bag are spread out. 

After sugar dissolves in water, sugar molecules are constantly moving and 
spread out evenly in the water. A majority of students thought r-hac sugar 
would sink to the bottom of the water in a cup and stay there because "sugar is 
heavier than water" or ^ it [sugar] is a solid form," or "sugar molecules are 
heavier than vater molecules." This confusion between observable properties of 
substances and properties of molecules caused difficulty even for some students 
who appeared to understand the constant motion of molecules- 
I: 



If we leave the sugar in water for, ^ay, a day, where 
will the sugar be? 

It will be everywhere. It will mix up with the water. 
It will be evenly spread out, it is fresh. 
If you leave the sugar in water for, say, five days, 
where will the sugar be? 

At the bottom, because if it sits there for five days, 
it'll be just, be too long. 



They further reasoned that since the sugar would stay at the bottom, che 
taste would be different at the top than at che bottom: 

S: (Sugar will stay] on the bottom . . . because it hasn't 
been like stirred up, so it keeps up with water mole- 
cules . 

I: Do you think there will be any sugar molecules on the 
top? 

S: There may be a couple. 

Student performance on paper-and-pencil tests showed that almost no 
students cou)d give scientific explanations of dissolving at the molecular 
level r -0 instruction- -IX in Year 1 and 1.9X in Year 2. Even after 
instruction in Year 1, only 19. 5X of students demonstrated scientific 
concepcions of dissolving. In contrast, a significantly higher percentage of 
students (58. IX) could explain dissolving scientifically after instruction in 
Year 2. 
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I: Could you explain dissolving in terms of molecules? 
S: The water molecules are going around and hitting the 

sugar molecules. 
S: The sugar in the bag is turning into molecules by the 

water hitting them and then the molecules breaking off 

of the sugar grains and going out of the holes and out 

of the bag. 

I: If we were to leave this tea bag in there for a while 

where would the sugar be in the cup? 
S: In the water. 

I: Yeah, in the water, but would it be in one place or 

all over in the cup? 
S: Yeah, all over . . . because the sugar molecules are, 

they are always moving and they just can't sit down at 

the bottom of the cup. So they have to move, then 

they mix in the water. 

Category 5: Changes of srate . A substance changes its state from solid 
to liquid, from liquid to gas, or vice versa by heating or cooling. At the 
molecular level, explaining changes of state requires the integration of a 
complicated set of scientific ideas about the movement and arrangements of 
molecules. For instance, when ice is heated, molecules move faster, break out 
of their rigid arrangement, and begin to slide past each other and move more 
freely than in the solid. These changes in the movement and arrangement of 
molecules cause ice (solid) to turn into water (liquid). Because this 
explanation is complicated, many students had extreme difficulties giving 
adequate or compl«;te explanations of changes of state. 

Before students can understand and explain changes of state in molecular 
terms, they need to understand scientific ideas at the macroscopic level: The 
form of the substance changes, but not its mass or its basic nature. A 
majority of students had learning difficulties with the concept of conservation 
of matter. Lack of understanding of this concept contributed to a number of 
misunderstandings about a variety of phenomena. Many students were confused 
about the conservation of matter during melting and freezing. For instance, 
they thought that when ice changed to water, the water weighed less because 
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S: Ice is heavier than water. 

S: The solid is closer together than water. 

S: Ice has more stuff in it than the water. 

Even more students were confused about conservation of matter during 

evaporation, boiling, and condensation, all changes of state that involve 

invisible gases. Since a substance becomes invisible, they thought that the 

substance disappears and ceases to exist or changes into another substance. 

The most common problems involved the existence of invisible water vapor in the 

air. Typical explanations of evaporation and boiling include the following; 

S: What I mean by evaporates is it [the alcohol] turns 
into air. 

S: It [alcohol] goes up into the clouds and stays there 
until it rains then it comes down. 

S: When it [the alcohol] dried up, then it just keeps 
flowing and flowing until it's just gone. There's 
nothing left of it. So it's gone. Not, no alcohol. 

S: There is air in the bubbles [of boiling water]. 

S: In the bubbles, there is gas, just plain gas. 

S: There are molecules of heat in the bubbles. 

Most students had great difficulty explaining where water on the outside 
of a cold glass comes from. Common misconceptions about condensation include 
the following: 

S: The air out here . . . the air turns into a liquid 
[water] . 

S: Water comes from the heat outside and from the cold 

inside. Heat mixes with the cold and makes the w£.ter. 

S: Water will seep through the sides [of the glass] 
somehow* 

S: It [water] just appeared there. 
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In their explanations of changes of state involving gases, many students 
focused on "air," which might largely be due to their failure to understand the 
existence of water vapor: 

S: Well, air is coming up from the bottom of it (the 
water) and it's making a bubble at the top. And so 
it's boiling. 

S: The air dried it (the alcohol] out (evaporation). 

S: It (the water on the outside of a cold glass) just 
appears because of the air; it goes and gets to the 
glass. 

Thus, many students did not understand the concept that matter is 

conserved during all physical changes of state. Instead, they thought that 

matter was created or destroyed, or changed into another substance. Student 

performance on paper-and-pencil tests showed that understanding conservation of 

matter, particularly involving water vapor in air, turned out to be the most 

difficult of all the macroscopic conceptions for students. Almost no students 

understood scientific conceptions at the macroscopic level prior to 

instruction-. 2Z in Year 1 and 0.5Z in Year 2. Even after instruction in Year 

1, only a small percentage of students (5.8Z) demonstrated scientific 

understanding. Although many students still experienced difficulties after 

instruction, a significant improvement was shown in Year 2 (30. 8X). Some of 

the scientific explanations given by students at the macroscopic level after 

instruction in Year 2 were as follows: 

S: Water would weigh the same as ice because it is chang- 
ing from solid to liquid, so it should weigh the same 
unless it leaks. 

I: If you keep boiling water, what will happen to the 

amount of the water? 
S: Get smaller. 
I: Where does the water go? 

S: It evaporates into the air, goes from water to water 
vapor. 
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I: How is the water formed here? 

S: Well, it's . . . it's from the water vapor in the air. 
It forms on the outside of the glass. 

At the molecular level, the prevalence of students' misconceptions about 

water vapor in air seems to be one of the major causes of learning difficulties 

for understanding and explaining changes of state. Prior to instruction, only 

a few students could use molecular language in their explanations. Even after 

instruction of the unit in Year 1, many students did not attempt to explain 

changes of state in molecular terras. Others used molecular language to express 

their misconceptions at the macroscopic level: 

S: They [molecules of water] are heating up the air. . . 

Air forms at the bottom and so when the air comes up to 
the . . . like it's evaporating at the top but it's 
boiling at the bottom. 

S: Because the molecules in the air go dovm and they like 
bring it [alcohol] up into the air. The molecules in 
the air bring the alcohol into the air . . . 
[evaporation] . 

S: The molecules of the air met with the cold aolecules of 
this glass and they just form this water stuff 
[condensation] . 

Others attributed observable properties of substances to molecules 

themselves or confused properties of observable substances and properties of 

molecules during changes of state. For instance, many students thought that 

when a substance c.ianges its state, molecules share in observable properties of 

substances or that molecules themselves change: 

S: Molecules in ice is hard or frozen . . . Molecules in 
ice are not moving and start moving when ice melts. 

S: [When ice melts] molecules come out. They get to move 
around. 

S: The molecules are being heated up in it [the water], 
making water boil. 
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S: Molecules are drying up and going into the air (evapo- 
ration] . 

S: The molecules are condensing. 

Even students who understood individual components experienced difficulty 

integrating those components to give adequate and complete explanations. For 

instance, while many students left out one or two basic ideas and, thus, failed 

to give logical and complete explanations, others included one or two incorrect 

ideas in their explanations which were otherwise correct. 

S: When they (molecules] are in the water, they move 
farther apart, they move faster, and then they turn 
into air (evaporation]. 

Student performance on paper-and-pencil tests showed that making explana- 
tions of change of state in molecular terms was among the most difficult tasks 
formally students. Prior to instruction, almost no students could give scien- 
tific explanations of changes of state (at the molecular level)..3% in Year 1 
and 1.2% in Year 2. Although significantly more students in Year 2 demonstrat- 
ed understanding after instruction, 41.4% compared to 27.8% in Year 1, many 
students still had difficulties understanding changes of state in molecular 
terms. Some students in Year 2 provided elaborate and complete explanations 
about changes of state at the molecular level: 

S: Well, the water molecules are loosing attraction, 

they're speeding up, changing state. Um, they start 
from a rigid pattern to slide and bump past each 
other, change behavior and action (melting]. 

S: The molecules, well, the heat from the hot plate is 
heating up the water, and it's making the molecules 
move faster, they move farther apart, um, lose attrac- 
tion. And the molecules, when they move faster, they 
rise and escape from the surface of the water (boiling] . 

S: The molecules from the surface will move, well the 

ones that are warmer will escape from the liquid, from 
the alcohol, and mix with the air . . . Well, since 
because they're wanner, they're going off the surface, 
they are just going to come off the surface (evapora- 
tion] . 
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S: The water vapor molecules are, they're, once they 

change into water vapor, it reaches the glass, which 
is cooler than the, the substance, the water vapor. 
And it slows down the water vapor molecules and turns 
the water vapor into water [condensation]. 

Part 2: Statistical Comparison of Student Achievement 

Table 1 and the discussion above show that students in Year 2 consistently 
did better on the posttests than students in Year 1. The results of those 
comparisons are shown in Table 2 below. 

Since the treatment each /ear was applied at the class level rather than 
the individual student level, we compared class means rather than individual 
student scores. To avoid "double-counting" the teachers who had accelerated as 
well as regular classes, the three accelerated classes were dropped from the 
sample. The means on Table 2 (for the 12 regular classes) are, therefore, 
slightly lower than the means on Table 1 (for the 12 regular and 3 accelerated 
classes). To assure that student ability was comparable across the two years, 
we also compared reading and njath scores on the Stanford Achieven ^nt Test. 
Comparisons were done by means of a paired, two-tailed t test. 

Table 2 compares student post test scores in Year 1, when the teachers were 
using the Models of Matter unit from the Houghton^Mif flin Science series 
(Berger et al. , 1979) and Year 2, when the teachers used the revised Matter and 
Molecules unit (Berkheimer et al., 1988a). Although the achievement test 
scores revealed no significant differences in student ability, the differences 
in posttest scores were statistically significant at the .001 level for 9 of 
the 10 categories, except macroscopic categoiry 3 (i.e., thermal expansion at 
the macroscopic level). Further, analysis of student performance for each 
teacher showed that the students of every single teacher did better in Year 2 
than in Year 1. 
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Dlscussior^ 

Like many studies in the conceptual change tradition, this study reveals 
how difficult apparently simple learning can be for students and helps us 
understand something about the nature of those difficulties. The essence of 
the kinetic molecular theory can be summarized in a single sentence: Matter 
consists of tiny Particles, called molecules, that are constantly in motion . 

Although the above sentence seems simple and easily understood to 
scientifically literate adults, for the sixth-grade students in this study it 
was fraught with difficulty. Most students did not understand the word matter, 
for example, and their misunderstanding could not be resolved by a simple 
definition. For these students, gases such as air and helium seemed to have 
more in common with forms of energy such as heat and light than with solids and 
liquids. Other parts of the sentence proved equally troublesome. These 
students could envision particles as tiny as specks of dust, or cells, but they 
had a great deal of trouble imagining particles like molecules that were many 
orders of magnitude tinier yet. The idea that molecules are constantlv in 
motion is also counterintuitive for many students: It seems to contradict the 
evidence of their senses (no motion is evident in many substances) and their 
personal experience, in which all moving objects eventually slow down and stop. 

In order to appreciate the power of the kinetic molecular theory, students 
must understand the above statement and more. In particular, they must see 
that many properties of matter can be explained in terms of the arrangement and 
P^otjon of molecules, and many physical changes in matter can be explained in 
terms of changes in molecular arrangement and/or motion. Many students, 
however, have a great deal of difficulty understanding matter in these terms • 
They tend instead to describe molecules as having the same properties and 
undergoing the same changes as observable substances. Thus molecules of stone 
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litble 2: CooparUon of Student Achievement in Year 1 and Year 2 



Sttnfcrd 
Achievement 
fest scores 



Conceptions 
of Matter 
and Hotcvules 



pescf tptton 



SAT rendino 
cos|>rencnsion 



Posite:;t 
Year 1 



672 Ifi 



Year 2 



673 26 



NAcroftCQpic Conceptions 



1. Nsture of Mtter^ 
conservstion of 
utter 

2.. -States of natter: 
Cospre^kSibility of 



fhemat expantkion: 
Sii>^tance& expand 
U\tn heated 

4. Discolving: 
Solute still 
exists in solution 

5. Changes of stdte« 
water vapor m air 



W\ 6.5X 



20% 9. OX 



66X U.9X 



20X 6. OX 



SX 3.5X 



76X 9.7X 



42X 15.5X 



7SX n.6X 



62X U.8X 



26X U.6X 



Conparison 



T-Vatue **' prob. 



0.16 .87 



8.20 



5.02 



<.001 



<.aoi 



1.98 



9.JJ 



5.70 



.073 



<.001 



<.001 
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pchcrt^t ten 



SAf total autheavtics 



Posttest 
Yeor 1 



Mean S.p. 
677 17 



POittCSt 



685 23 



Holecular Conceptions 



1. Hature of Natter: Sixe 
and atotion of noleculcs 



2. States of matter: 
Arrbn^eoent end K»tion 
of jtiotecules in sol ids« 
I iquids« and gases 

3. Ihentwtl expansion: 
Molecules moyt faster 
and farther apart 

4. Dissolving: Holecules 
of sot ids break off and 
aix with solvent 

5. Changes of state: 
Changes inautlon lead 
to rearrangeoent 



31X 12.6X 



23X 11. 4X 



35X 17.0X 



15X 12.6X 



29X 9A% 



55X 16.5X 



UX i7.ax 



5 IX 1a.3X 



52X 17.8X 



45X U.6X 



Scores rqxaricd are ukuivj* aJ«J j^iandjrd deviations of cia:»s means (rwt lodividiwl 
^kttxicn'C :»corc:»). Siunturd liicvuttcfit te:»i ^^torc^ are :»Cdle' scores. PcfCcn*.lle 
ct^iiviilcdi^ lor nicuns ui c uLioui 6U lor rcuilKKj and 68X <or niaihcoiLil us. 
Cuiccption bcuics «jic |iciiifii«jijcs ut ^«i(jifcnls in a cldss dcuiunvtrui imj 
iifftfcr stuiKiifij ol ilic ioiicipl lui-^ in lli.il i.ilcjufy on the |iusClc:.t. 

lulUd i^iiiinf I i,>t, M tkruiiis ut t/ciiKjii. Cl.iss nwdO scoics tut cm h 
Icuilicr (II- Id V«.ti I wff c iiuilt tiitl Miili cldbs iiic.tM Stoics tot the ummc (culicr 
III Yc«ii <!. 



Comparison 



Y'Vaiuc Prob, 



0.78 
f 



6.19 



49 



.45 



<.001 



6.23 <.001 



4.45 .001 



5.22 <.00l 



4.72 .001 





HACftOSCOPIC 




KOlECUlAil 






ContrMt 


• 

CQBfwrlson (X) 


Contraat 


m 

Co^porlson it} 


5. lh«rMl 


CogI; 


I^aivg; 


Yr 1 


Yr 2 


Soai: 


Naive: 


Yrl 


Yr 2 




heated. 


SUMtances (especially 
solids) ••shrivel tj^ 
when heated; cjipftnslon 
of gasec is eKplainod in 
ter« of Boveaent of air 
(c.g.« hot air rises). 


Pre 


Foftt 


Pre 


Post 


When c substance it heated. 


Holeculet theaaselves are 


Pre 


Post 








10.9 


67 J 


17.9 


79.7 


anlccules «K>ve faster and 
farther apart. 


changed by heating (e.g.« 
aKileculet becone hot« or 
aK>lccules expend). No 
relationship between 
aK>lecules noving faster 
and farther apart. 




56.2 


1.4 


56.0 


4. Otssotvino 


Coal: 

Ihc solute cliao9cs fro* 
a visible to an 
invuible iocm during 
dissolving. 


Naive: 

Ihc solute **disflf3pcars*'« 
**Melts:« or 
••tvfl^f btc^". 


9.9 


21.4 


7.5 


66.5 


Coal: 

Molecules of solute break 

m'tmy ■fKJ m Jl MItll MUtCVUtCa 

of solvent. 


Naive: 

No aulecular notion 
initially. Focus on 
oUiervable substances, or 
■ulecules thecaselves 
••dissolve.** 


1.0 


19.5 


1.9 


56.1 


of states 
of Mtcer 

_5i) 


Coal; 

Air contains invisible 
water vapor^ and water 
vdpof in air condenses 
on cold objects. 


Waive: 

No recognition of water 
vapor in air, or liquid 
water changes into air« 
and vice versa. 
CondcrkSkdt ion is c 
reaction Lctuecn heat 
and colitu^s. 


2.0 


S.3 


0.5 


30.A 


Coal: 

Nesting and cooling auke 
Mlecules of sii)c»tances nove 
faster or slower^ causing 
changes of state in tercns of 
their arrangciaents and 
inotion. 


Naive: 

Heating and cjoling nake 
nolecules theoselves 
change (e.g.« nolecules 
•*boil*^. ••evaporate*'), or 
nolecules share in 
observable properties of 
substances (e.g.. 
molecules begin to move 
when heated.) 


3.0 


27.6 


1.2 


41.4 



























ERIC 



are hard, molecules of ice are frozen, and molecules are described as 
expanding, contracting, melting, evaporating, and so forth. 

This study also indicates, however, that middle school students are 
capable of understanding some important aspects of the kinetic molecular 
theory. The students in this study were in an urban school district. Many 
were below grade level in reading and mathematics achievement; many came from 
lower socioeconomic status homes. The teachers were mostly nonscience majors 
and received only one day of inservice training before teaching the unit. Even 
under these less than ideal conditions, about 50X of the students achieved 
understanding of the scientific conceptions discussed earlier. We would 
conclude that these ideas are not beyond the intellectual reach of most sixth- 
grade students. 

The curricular and instructional implications of this study are discussed 
in depth in other papers (Berkheimer et al., 1988b; Berkheimer et al., in 
press). Two points, however, are too important not to be mentioned here. 
First, this study and many others demonstrate that conceptual change research 
can and should play an essential role in curriculum development. Teaching 
materials based on conceptual change research can greatly enhance the 
effectiveness of even relatively poorly prepared teachers. Conversely, even 
the best prepared teachers face a long and difficult struggle if they wish to 
teach for meaningful understanding using currently available commercial 
materials. 

Finally, this study points to an enormous gap in the current middle school 
science curriculiijn. A quick glance at almost any life science text reveals a 
large number of topics for which meaningful understanding depends on the 
scientific knowledge discussed in this paper (and often more): Osmosis and 
diffusion, photosynthesis, cellular respiration, digestion, transpiration, the 
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water cycle, ecological matter cycling, and so forth. Similar topics exist in 
earth science and physical science. This study indicates that most students do 
not know enough about the nature and constitution of matter to make sense of 
those topics, yet the issue is never addressed in depth in most science 
curricula. Omissions such as this play an important role in the present 
widespread and well-documented failure of our science education system. 
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APPENDIX A 

THE 12 PRINCIPLES OF THE SMALL PARTICLE MODEL 
HOUGHTON MIFFLIN SCIENCE 



1. All matter is made up of particles. 

2. Particles of matter are very small. 

3. Particles of matter have spaces between them. 

4. Particles of matter are in constant motion. 

5. Particles of matter move faster when the matter is heated. 

6. Particles of matter usually move farther apart when the matter is heated. 

7. In the gas phase, the particles of matter are far apart and move freely. 

8. In the solid phase, the particles of matter are packed together in a 
pattern and move withiii a small space. 

9. In the liquid phase, the particles of matter are loosely clustered 
together and move about more than in solids. 

10. Matter can be changed from solid to liquid and from liquid to solid. 

11. Matter can be changed from liquid to gas and from gas to liquid. 

12. Particles of matter attract each other. 

From: Berger, Berkheimer, Neuberger, & Lewis, 1979, p. T-324. 
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APPiSDEX S 

3tudtnt Conetpttont of Mttttf tng HQl«g«i>> 
Cotl ConetfCloQ 



T/pletl Ntift Conctp( I 



HiCroaeo^lc Itftli Conctpaont tOouC obttr«,bl« .ubtttncM •nd pl,,nt«,„. 



• iCC«r «itttr, oth«r thlngt (t.fi ^"C* 

lithc) trt aoc* 



IncofMcjlf elittiCitd. 



2. Conitfvaeion 
at •ttft 



b. Kttttr ttktt up tptett, non-ntettr 
dott not* 



M«cttr (i eonitrvtd In til 
pitrtietl ehanitt* 



3. thtrstl txpaQtioci 3. lubtttnctt tiptnd whtn httttd. 



NtCure oe fMllt 

5* Olteribtstlon o£ 
ttttt Ik «pt€a 

Cos^rtttloti of 
ttttt 

VtCtr rtpor la 
tir 

I* Co«4tn4tClt« 



4. S«tllt trt ftitt, Ch*rt!ort «t(ctr, 
•tdt of solteulttf tee* 

S* Ctttt iprttd tvtnl7 (hrough (ht 
tpteot (htj occupjr* 

6. Ctttt eta bt eoaprttctd. 



Air eonulnt Invltiblt vtCtr vapor 
(liyaldUr). 

Vtctr Ttpor la tlr eoatjtnitt «n 
cold objteu. 



b. Cltielrietcion bfttd on o(htr 

proptrtitt (».$., «cectr it loat-thing 
fOM etn «tt or (rtl). 

2» Micctr noc tlw«rt conttfvtd 

tfpteitlly in ehtns*« lnvolvia| 
jt«i«t. Vordt likt '*di«iolvt-' 4nd 
**«vaportcc'* io«cci«t« uied •« 
i/nanr«a for '*dittppttr.** 

3. Subtttnett «tr **ihr(vtl 'jp** whtc 
Iietcidi ttptntion ot |titt <x* 
pltUtd la ctrat of tOYtttnc of 
tlr. 

4* Smtllt eonaidtrtd tphtatrtl, not 
rcallr ttCCtr. 

S* OtkCribvcibn of |titt li uncvtn bcfort 
or tfCtr txpkatLoa or eoaprtition. 

%• Cattt sovt from ont rcfion (o tnojhvci 
no ooCloa of eospctitioa or ttptn«ion. 

Vijtr in tir it fltlblt (t.g., fog, 
'*t(tta"). 

8. Condtnttct It "fog** or "brtnii-; 
or It foraod hf t rtteCion btCvttn 
ItttC and eold. 



Holtcultr ItTtlt ConctpClont tboueaolteultt tad Ch^lr ntCure 
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9* Helteultr 

eonttlcuclta 
of «ttttr 



10, Slst of aolteuitt iC. 
ll* CoatCttt oqcIm ll* 



12. VltiBllUr ol 
aoltealtr aotlea 



11. 



12. 



13. Holteultr ttplt&* 13. 
teloa of dlt* 
•olviat 

14. tfftett of htat 14. 
cn aolttaltr 

aatlM 

15. Holtealtr ttplta* SS^ 
ttloa of tbcrcal 
ttptatiaa 

II. Sptctt bttvtta II. 
•«ltealt6 



i;. Holtealtr tcplaat* 17* 
telon of t(tct4 
of attetr 



Holtealtr ttplta* 
teloa of ckanitt 
of ttte* 



19*« HAUeultr 

txpltnttlca tf 
tvopattclea 



19* 



All stCCtr It atdt of aolteulttf 
noa*a4Cctr It not. 



9. 



Kolteultt tra coo latll Co iity tvQn 10. 

with a ttlcrotcopa. 

All solttultt trt eonaCtnCl/ aovln|, lU 



Holtealtr oncion eontlnutt Indtpta^ 
dtatty of obttrvtblt aoftatnC. 



12. 



Halttaltt of aalutt trttK twtf and 13. 
als alch Mlttaltt of aalvtaC. 



oaly tftttt of lit«e on lubttanett 14. 
It ea «4ka Itt aalttultt eovt 
fttttr. 

Incrttltd eotloa aovot aolteulaa 13^ 
ftrchar tpttc. 



Cattt eoatllC of noeltlng tte^pe II. 
•olttaltt altk tapcy tp6<tt bttwtta 
tht«. 



HtCtritl iubtCtnctt not dtierib<d 
tt «oltetiltri non*«acttr dtieribcd 
•t TOltcultr (t.t..'*htte tolteuUt*): 
ftoltealtt trt tubtUnect. 

Holteuitt «tr bt ec«9«rtblt in tif 
to ealla» duaC ipaeka, acc. 

Holaeulet aay io««cia«a ba aCill, 
alpacUil/ in lolida. 

MoUealaa aiaplf iliara in obaarvtbla 
«ovi»tnea of aubecaneaa (c.i.. con* 
v«eeloa currancali Holaeulaa nova m 
gaaaa aad liquida, noC in «olid«. 

foeaa oa obaarvabla iMbataneaa or 
aolaevlaa ehtatalvca '*di««olva**. 



Holaealat ebaaialvaa eca ba hoc or 
eold. 



Holaeulaa ehaaaalvaa axptnd. 



ttttaa of aaccar ara Hua eo dl{far* 
ant arraagtaaaea aod aaclona of 
aalteulati 
•folldai vlbrita in rigid array 
-ll^uldat riitdo% jocloa altliia 
liquid 

*gtaaat rtndua aodon^ ao lUUt 



17. 



HoUeulat hava 
baCwaaa thea. 



'air** 9r oehar Chmga 



gtataa of sattar daieribad onlf m 
eerat ot oba.srv«bla proparciai cr 
proparelaa of cha ctita aeeribuc*d 
CO individual colaeulaa (a.g.. lolid 
•olaeulaa ara hard, liquid aolaeulaa 
ara la dropa» ate). 



II. MaaClas tud eooling e«n«t eliaagtt af l|. llttting «nd eoolinq aik* aolteuUa 



tetca by asking tolteultt ao«a 
fttctr ar tlo»ar. 

rtt(*acvlac aoitCalat ttetpt frott 

liquid. 



aaU*, "tvtporttt". tte. 

aoltevltt btgin to aovt vhta httctd. 

19. HoU.!Jltt "ttaporttt* or ditiappttr. 
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APPENDIX C 

Tasks by ConcepLions Chart for Kinetic Molecular Theory 



Tasks Conceptions 

I Macroscopic } Molecular J 





1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


16 


17 


18 


1 

19 


1 . Describe/contrast/ 
classify matter vs. 

n on ""iTir* 1 1"** IT 


X 


X 




































2. Describe states of 
inatter 


X 


X 








X 




X 




X 


X 


X 








X 


X 






3. Explain process and 
rate of dissolving 


— 


X 


X 


X 












X 


X 


X 


X 


X 






X 






4. Explain thermal 
expansion 




X 






X 












X 


X 




X 


X 


X 


X 






5. Explain expansion 
of gases 




X 












X 
















X 


X 






6. Explain melting 
and freezing 


X 


X 
















X 


X 


X 




X 




X 


X 






7. Explain evaporation 
and boilling 


X 


X 


X 






X 






X 


X 


X 


X 




X 




X 


X 


X 


X 


8. Explain smells 


X 


X 


X 


X 






X 






X 


X 


X 








X 


X 


X 




9* Explain condonsatlon 


X 


X 


X 


X 




X 




I . 


X 


X 


X 


X 




X 




X 


X 


X 
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APPENDIX D 
PRE/POSTTEST 

4/03/87 



Perio4 



This ce3C asks qucscioaa abouc eooie^ p^^i^ - • 
would liic« CO .«o« Jour id.., .loll Zll op c, '"^ ''''''' 

crying so finish ch« c.sc, ju,c do 5h.c you • u "f^^ 
SxpUia your own id,.. , g;od «xplLacionr«rL« 

•■corr«cc" sci.acific words. «• laporc.nc co us than 

^^^"^ - (Cird. ^^s or no or 



air 
lishe 
heliua 
h.ae 
scssl 
tf.ce? 

cha «ffl«ll nf ' doa'C icnow 

ch« st89ll Of popcorn yes „o _ J ^^^.^ ^^^^ 



00 X don'C know 

ao r doa'c know 

no I don'C know 

no r don'C know 

no r don'C know 

no r doa'c know 



SxpUia hov you decided which ching, are taacc.r and .hich are noc. 



air 
light 
haliua 
heat 

SttQl 

vacar 

^^tt ' ^ aon c Know 

Che of popcorn yea no I don' c know 



y«* no r don'C know 

no r don'C know 

no r don'C know 

y«« no r don'C know 

y*' no r don'C know 

y«» no r don'C know 



Explain hov you decided which chings cake up space and which do 



noc. 
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3. ChooM solid, liquid, gas, or ocher for each ching b«io«: 

solid ijuid "'^^ 

h«ac ;r''**^» gas ocher 

v*c.r l^'^^^i gas och« 

chs s«,ll of pepe«ra ,oUd [llTit "^^^ 

liquid ggj^g^ 

4. Have you ever heard of aolecuUa' tf 

do you Chink aoleculoa 171? ~ — answered yes, vhac 



5. Which of Che following do you chiak is i , , , 

yes or nc or I don't know.) * molecules? (Circle 

light 
heliua 
heat 
steel 
water 

the smell of popcorn 





ao 


r don'c 


knov 


y«s 


no 


I don'c 


knov 


yts 


ao 


I don'c 


know 


yes 


ao 


I don'c 


knov 


y«« 


ao 


I don'c 


knov 


yas 


ao 


I don'c 


knov 


yes 


no 


I don'c 


knov 



6. Do you think air is «ede of molecules? 



If you answered yes, do you chink chac che 
cna QolaeuUs? 



?t is any spaca becvetn 



7. What do you think i, bigger, a molecule or a speck of dusc? 



a. They are che sasa siae. 

b. The molecule. How many cimes bigger? 
«. The speck of dust. How many times 

oiggtr? 

d. I don'c know. 



ERJC 
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8. John scirred sotae sug*r inco a lUas of vaear a<. u-t 

any sugar. «ould noc see 

Wh*c h«ppcas CO sugar whan it dissolves in wacer? 



How do eh« aolacuUs of wacer help chis cake place? 



9. ChooM on< of ch« following: 



a. Sugar dissolves fascar in hoc wacar 

b. Sugar dissolvas f«tar in cold wacer 

c. Sugar dissolvas abouc the saoa in hoc and cold wacar 
I don' c know 

Explain your ansvar. 



If iC did not Mlt, vould you expect ic to 



a« feft larger 

b. b« »slUr 

c. sc^y Che saat siza 

d. I doa'c know 

Explain your answer • 
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11. Whea a pitct of aaeal is heacad: 



a* 
b. 
c. 
d. 



ch« Quabtr of aoIceuUs increast. 

aolecul«s axpaod or gae Urg«r. 

aoUcuUs sear ch« saa« sU, f.^.u^, 

I ioa'c icaow. 



12. 



How io you chink eh« aoUcuUs of hot waear j-.* * 

moltcuUs of cold w«c«r? Cipcl» .?i " dif.'trenc fron :he 
corrace. 

answers chac you chink are 



a. 
b. 
c. 
d. 
a. 

f. 



ch« aolaculas are larger in hoc wacar 
cha aolaculas are larger in cold wacar. 
cha aolaculas nova fas car in hoc wacar 
Cha aolaculas are waraar in hoc wacar * 

cha^aolaculas are cha ,aaa, buc chare is acre heac in che hoc 
I doe's kaov. 



13. 



2\T P« in" Che rafrigeracor v U chey were 

■ Potonip;: rorrh^.7rIga?acrand^^^^^^ 
hands. Which boccla did ,h. war^? Circl. yoirchoUe! 



A. 



Explain your aaavar« 




5. 
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14. Yott cue up »a ottwn iaco imall pi«cfs. Vou nocict cht small a 
Uv sGcaodt. ExpUia whac you eh ink the ia«U ij aa^, o:7 



ExpUia how ic reachtd you. Talk abouc aoUcuUs, if 



you can. 



15. By tuiag a bicycU puap you farct 8 caps of air iaco a £ic« chac 15 
oaly 2 cupa ia voluat. Th« :ir« itzs oaly a Uc:U oic biggar. 

ExpUia ehis ia possible. 



16. Tht hoU of a plaacie syriogo full of air is pluggti up. 




Tb« pluagtr is pulle4 baek. Which of eh« four diagraas base shows 
hov eha air is disesibuead? 



A. 




6. 



C. 



^1 



ExpUia your choics. 
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17. Do you^hink th. a«l«cuUs are «ovi„g i„ yjndy .j. ? 



b. Ho, chty art aot aoving. 
I doa'c know. 



DO you chiak ch. „ol«ul., are moving ia ,clU ,ir ^ 
t«s, shty are moving. ■ * 



0* Ho, chty are noc moving, 
c. I don't: know. 



DO you Chiak Che aoUcule, are ,ovi„g i„ , 
«. Yea, chey are aoving. 



0. MO, chty art not moving, 
c. I don't: know. 



If you said eha moUculas werr aov^n» 

do you Chink Chey wiU^" ri^cp "ov^;? ^"^ 

Explain. 



la. Choose Che piscuro chac shows che 



arrangemenc of aolecules in each 



Subseanea 7«it .... . '•-"S«««»n6 oc aoiecu 

suoscance. You aay ua« each piccure tnore chan once, if 



you need co 



Iron 



Vacer 



b. 



Air 



d. 
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19. K pitce of ie« it salctd co liquid wacar u u 

ch« coi^.r. CO w.ighJ of 

*. Th« w«c«r would vtigh Itjs than th« ic«. 

b. Th. wacer would wtigh eh« saaa „ ch. ict. 

c. Tht wacer would wtigh nore than cht ic«. 

d. I'a noc surt. 

Explain your aaavar. 




20. Explain its your own worda, why h.acing a solid «ak«s ic 
ExpUia « car,, of aolaculas of cha soUd/if "u ca" 




21. Whac happan. co Ch. «,lacula, of vacar whan ch. wac.r fra.z.,? 

a. Mol.cul.« of wac.r b.cos. cold aad hard. 

b. W.car molacuUt chang. iaco ica aol.cul.s. 

c. Mol.cul«. of wacr slow down aad fic cog.chtr ia a paccarn 

d. Molacul.a of wecar g.e aaallar. P«ccern. 
«. I doo'c kaow. 
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22. 



Wh«a wtctr boils, bubblta rise to eht aurfact 

you chiak i« iasidc cht bubbles? of cht wacer. Whac do 




ExpUia ia your own vords vhy htacini? mM>„* ^k- . c 
in c.rms of ooUcul.,. if c" ""•'^ 



Explain 




23. 



Wh«r« do you chiak cht wacar has gont? 



Explain how chis happaas, ia ceras of aolaculaa if you can. 
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24. Ifou tni X frt*od «rt siccing in a car on a e^M • 
Whac do you chiak tht fag is? 



Why did ch« fog fara oa Che windows inse«d of . 

' inscaad of, say, on your face? 



ExpUia how ch« fog foirasd. 



23. 



3cand for 13 ainucts. The oucaid* of ch. can b.con«,"«c. 
Wh«r« haa ch. wac.r on ch, oucsid, of che can come from? 

c. W«cer in cha air fora. dropa on ch« cold can. 

in?." "'^ dfops of 

«. I don'c knsw. 



26. Witn w« ,«y ch« air is hmid, whac do wt ataa? 
EapUiQ 10 Canu of owlteults, if you can. 
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AIM»KN1)1X E 



Clinical interview I'roLocoi 



TASK i: Describe, contrast, and classify the three stares of matter. 
Situation : 

Set up rock, water and plastic bag of air in front of the student. 
Materials ; 

Eock or metal, Water, Plaatic bag of air 
Sh^et with a list of things 
Pencil and paper for drawings 



Questions 



Commentarv 



Goal 
Concept ions 



Task l-l 

States of 
matter 



0: 
PI: 



P2: 
P3: 
P4: 
P5: 

P6: 



Task 1-2 

Molecular 
constitution 
of matter 



0: 

PI: 
P2: 
P3: 

P4: 



Can you tell me how these three things are different? 

Do you know what the three states of matter 

are? (If the student doesn't know) Have you ever 

heard of solids, liquids, and gases? 

What state of matter is rock? 

What state of matter is water? 

Uhat state of matter is air? 

How do you decide whether something is a 

solid or liquid? 

How do you decide whether something is a 
liquid or gas? 

Can you think of any way tliat these three things 
are siwilar? 

Have you evar heard of molecules? 
Uhat are they? 

How big are they? How does tlieir size 
compare to the size of a speck of dust? 
Can you think of something that's not 
made of molecules? 



9,10,11,1? 
16,17 
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Task 1-3 



Questions 



Comtaentary 



Coal 
Conceptions 



Nature of 
gas (air) 



0; 



P2; 



P3; 
P4j 



P5; 



What is air? 

(If the student says there is nothing in the 
air) Uave your ara in the air. Oo you feel 
anything? Is anything striking your arm? 
Uliat is it? 

Suppose you are able to see air with oagic 
eyeglasses. What is air laade of? (What 
is in the air?) 

Draw a picture of what you would see? 

(If the student draws dots, waves, etc.) 

What are these dots (waves, etc.)? Are 

they all the same? What is between theta? 

Are they aoving? If so, are they always moving? 

(If student mentions molecules) Is air a 

mixture? What does that mean? Is air made of 

different molecules? 



whether students think in terms of 
empty spaces and constant motion of 
molecules (waves, chunks, etc.), and 

Purposes; 

Tr> determine (I) students* conceptions 
of ;^ir, (2) student's microscopic view 
of gases (air), liquids, and solids, (3) 



(4) whether students under;>«.and that 



the empty ^ipace and motion vary J« 
solids, liquids, and gases (air). 



9,10,11,12 
16.17 



Task 1-4 0; Suppose you can see water with magic eye- 
glasses. Wliat is water made of? 

Nature of PI: Draw a picture of what you would see. 

liquid P2; (If the student draws dots, waves, etc.) 

(water) What are these dots (waves, etc.)? Are they 

all the same? What is between tiiem? 
Are they moving? 
If so, are they always moving? 



^^^^ ^'^ ^= Another student told me that a rock is made of very 

very, very smaU part iclcs or pieces that are 
Nature of always jiggling back and torth. What do you think 

solid of that? ^ iiMUK 

student agrees and/or mentions luolccul,:^) Are the 
» X jMolecules of a rock stHl? 

pD!(^ t>l what you wouM s^:i:, 

IM: (U_.tu.l«..« a.aw. Uol.) Wlu.l oie . l.c.c .lol . ; Arc ll.cy all Ihc ...... cV 



Task 1-6 Questions 



0; Now you have drawings of air, water, and rock. 
What is the difference araong these subiUances 
Cooparison ttom your drawings? 

of three PI: (If the student mentioned that there is space 

states of between.. » in the drawings) 

«Wter Is the space the sane in all states? 

(If the atudent says no) 

Which has the largest space? 

Which has the saallest space? 
P2: (If the student aenticned that they are moving) 

Is the Boveraeat the saae in all states? 

(If the student says no) 

Which has the saost movement? 

Which has the least aovement? 



ERLC 



Coa 1 

Commentary Conceptions 



9,10,11,12 
16,17 
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TASK 2: Explain and contrast Coiopression ot Cases and Licjuids 



Situation : 

Student will cover the end of the syringe with his/her finger and push down on the plunger first 
with the syringe filled with air and second with the syringe filled with water. 

Materials ; 
Syringe (2) 
Water and air 

Drawings of syringe in noma I state and when compressed 



Task 2-1 Questions 

Compression 0: What ^o you think will happen if you push down 
of gas on the plunger? 

PI: What do you notice when ycu push on the 
plunger? 

P2: Explain why the plunger can be pushed in most 
of the way, (2) but not all of the way. 

P3; Draw a picture of the air before and after 
coffipressed in the syringe. 

(If the student cannot respond to this ques- 
tion, show him/her the drawings from the test*) 
P4: Compare rhe drawings when the air is com- 
pressed and not compressed* 
P3: Name another example of a gas* 
P6: What will happen tf you use another gas in 
the syringe? 



Commentary 
Purposes : 

To determine whether students (1) know 
that air (gases) is compressible au*2 
water (liquids) is not in a syringe^ 

and (2) can relate compressibility of 
gases to the relative size of empty 
spaces between gases (air) and liquids 
(water) • 

What we want to know ; 
Can students (1) explain (on a micro- 
scopic level in terms of space and 
distribution) why air (gases) is 
compressible and water (liquid) is not, 
and (2) generalize from these examples 
to all gases and liquids. 



Coa I 
Concept ions 

^>»6,9»16,17 



7G 
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Task 2-2 



Questions 



0: What do you chink will happen with water in 
the syringe? 
Coapression Pi: Why can't you cofflpress water? 
of liquid (l£ student has difficulty, ask) 

You pushed on the plunger of the syringe with 
air in it and then with water in it* 
Vhy can you coapress air but not water? 
P2: Name another exaaple of liquid* 
P3: What will happen if you ise that liquid in 
the syringe? 



Task 2-3 



Comparison 0: You pushed on the plunger in the syringe with 
of gat vs. air in \t and then with water in it. 

liquid PI: Why can you cowpresa air but not water? 
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Coounentary Concept ions 

5,6,9,16,17 
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Task 3: Explain Changes of States of Matter 



Situations : 



Melting ice: Leave ice cubes melting in the plastic cup. 
Boiling water: boil water in the beaker on the plate. 
Condensing water: Pop can aad glass plate above boiling water 
Evaporating alcohol: Place dropa of alcohol on the slide. 
Soell of perfume: Take top off of perfume container 

Task 3 i Questions 

Melting 0: What's happening to the ice cubes? 

PI: What state of natter is ice? What state of matter 
is water? 

P2: How does ice change into water? 

P3: (If student has mentioned molc'cules) Can you explain 

what's happening to the molecules? 
P4: Does ice have to be heated Co melt? Why? 
P3: In which state do molecules move more freely? 
P6: In which state are they farther apart? 



Task 3—2 

0: What's happening to clie water? Describe what 

Boiling see. 

Pi; It we leave water boiling, what happens to the 

amount of water in tlie beaker? 
P2 : Why is the amount of water lower? 
P3: Wliere is the water going? 

P3: (If student mentions bubbles) Is there anything 

inside the bubbles? What? 
P4: (If, the student mentions **air*') 

Do you think the air in the bubbles is the same 
as the air in this room? 
or (If Che student mentions '*steam") 
What do you mean by "steam**? 
What state ol' matter Is steam? 
P5 : How does Che water change I'rum liquid to ^as? 

Can you explain in termsi of molecules? 
1*6: Which has moie b|>ace between molecule:*, lii|ui(l 
or g.ib'V 
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Coal 

CoiniiicMitary Concept ions 

2,9,11,12 
K, 15, 17, 18 



2,7,9,11 
l'!i.l5,17,18 



i 

Tatik 3 -J 



Quest ions 



condensing 
on glass 
plate 



0: 
PI: 

P2j 

or 



P3; 

P4: 
P5: 



What is happening on the plate? 

Where does the water coae fiom? 

(If the student aentions **air**) 

How does air change to water? 

(If the atudent mentions "steam") 

How does atean change frou ga& to liquid? 

Can you explain in terms of molecules? 

Which state has nore space between moleculeSi 

gafi or liquid? 

In which state do molecules move more freely? 
In which state do molecules move farther apart? 



Task 3-4 0: What do you see happening here? 

Evaporation pi; where did the alcohol go? 

P2: Did it disappear? If so, is it gone forever? 

Does it still exist? 
P3: How does the alcohol evaporate? 
P4: Is alcohol made of molecules? What kind? 
P5: What's happening to the alcohol molecules? 
P6: Would anything happen differently if we heated 

the glass and alcohol? 



Task 3-3 
Smell 



ERIC 



0: 

PI; 

P2: 

P3: 

P5: 



Can you smell the perfume? 
What is the smell made of? 

How did the .swell of perfume get from the glass 
to your nose? 

Can you explain in teims of molecules? 
Molecules of what? Where did they come lium? 
If wc put a top on the pet fume » would you btill 
be able to smell it? Why oi why not? 

81 



C'oa 1 

Commentary Coi\cut)t i ous 



lA, 15, 17, 18, 19 



2,7,9, 10 
11,12. 17,19 



82; 



IkSH 4: Explain Pure Substance vs. Mixture and Process and Rate of Dissolving 



Situations : 

Dissolve Epsom salts (in tea bag) in water* 
Materials : 

Epson salts. Tea bags. Cups, cold water 
»n . # , ^ . Goal 

Task, t|-l Questions rnmmpnrarv n 

:x i/ommencary Concept ions 

Dissolving 0: What is happening to the Epsom salts(or sugar)? 

Epsom salts PI; (If the student ssentions "dissolves") 2,9,10,11,12 
(or sugar) mean by "dissolves"? 

t*2: How does it get ou of the tea bag? 

Can you explain in terms of molecules? 
P3: If we leave Epsom salts and water sitting for 
one day, what will happen? Will Epsom salts 
be all over or in one place? Will Epsom salts 
sink to the bottom? 

Why or why not? Can you explain in terms 

of molecules? 
P4: If we put a tea bag of Epsom salts in u 

cup of hot water and a cup of coid water, 

which would dissolve faster? Why? 

Caa you explain in terms of molecules? 
P3: Is the Epsom salts and water a mixture or a 

pure substance? 
P6: Can you explain why? 



8 
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Task 5; Explaia Thermal Expansion of Gas and Solid 
Situations ; 

Put the balloon on the rim of the cold bottle^ and then warm it with 
hands (bottle on its side). 

Have the student put the ball through the ring, heat the ball, and have the 
student try to pull the ball back through the ring. 

Materials ; 

Balloon, Bottle, 
Ball, Ring, Hot Plate 



Task S-l 

Thermal 
expans ion 
of gad 



Questions 



Task S-2 

Therm a I 
t:xpaii^ ion 
ol bolid 

ERLC 



0: 

PI; 
P2: 
P3; 



PA: 

P5j 
P6; 
P7: 
P8: 
P9: 

0: 
IM : 
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What will happen to the ballcoxi after we 

put our hands on r/ne bottle? 

What happeuc; co the balloon? Why? 

What caused the balloon to get bigge::? 

(If the student responds *Miot air 

rises," then turn the bottle upside down.) 

Can you explain why the balloon stays the same? 

Can you explain in terms of molecules? 

Does the molecule motion or size change witen 

the bottle is warmed? 

If so, in what way? 

Does the number of molecules change as the 
bottle is warmed? 

Is there a change in the space between 
molecules as the bottle Is warmed? 
Were the molecules of air in the bottle 
moving before we started to warm the bottle? 
Do molecules move faster, when the bottle 
is cold or heated? 

Oo molecules move farther apartj when the 
bottle is coli! or heated? 

The ball goes through the ring now ( uuhcat ) . 
What will happen if wc heat the ball? 
Why can't wc pull the ball through the riii^; 
a I to J" (io.it i ng? 

Ciiii you explain in tciuis ol iiK^lcculesV 



Commentary 
Purposes ; 

To determine how .students explain 
thermal expansion of gases and solids. 
What we w.' to know ; 
Hacroscop (1) Do students think 
that solidr. and gases expand or shrink 
when heated, and (2) do students think 
in terms of hot air rising or ex- 
panding in all directions when 
heated? 

Microscopic ; Can students explain thermal 
expansion in terms of molecular motion 
and empty spaces? 



Coal 

Concept i ons 

3,9,11.12 
14. IS. 16 
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Task 5 



Questions 



(cont*) P2: Doe& the m^'^cule oiotion or size change when 

the ball is heated? 
P3: Does the number of molecules change as the 

ball is heated? 
P4: Is there a change in the space between 

Qolecules as Che ball is heated? 
P3: Here the oolecules of the ball moving before 

we started to heat it? 
P6: Do molecules move faster when the ball is 

heated or cold? 
P7: Do molecules move farther apart when the ball 

is heated or cold? 
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Coamentary Conceptions 

3.9.11.12 
14,15,16 



APPENDIX F 



CLINICAL INTERVIEW ANALYSIS FORM 



Student S 



Before /After Instruction 

Source: c*i*/te6t 

(clinical Interview) 
( pa per-and -pencil test ) 



Keys G =^ Goal Conception 
N =» Naive Conception 
M Mixed (goal + naive) 
A ^ Ambiguous /Inconclusive 



Tasks-by-Concept ions Chart for Kinetxc Molecular Theory 
Tasks Conceptions 

Macroscopic level Molecular level 



As sessmen t 



10 



II 



12 



13 



14 



1 ) 



16 



17 



18 



19 



1 . 

Matter 
vs . 
non- 
matter 



a* describe 
& contras t 



b* classiify 
examples 



2. 

Compare/ 
contrass t 
states 
of matter 




a . composi 1 1 on 
b* dif. betwn. 

s/l/g 

c. examples of~ 

s/l/g 



comments 




8S 



9® 
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3 . 






Explain 


a • 


sugar I 


diasol- 


b. 


hot/cold 1 


vlng 




water i 


4. 




balloon/ 1 


Explain 


a . 


thermal 






expansion 


b. 


ball/ring 



5 

Explain 
expansion 
& com- 
pression 
of gases. 

6. 

Explain 
melting 
and 

freezing 



a . syringe 

b. ©yringe: 
air vs. 
water 



c. bike tire 



a . ice 

meltin g 

b. water 

freezing 



7. 

Explain 
evapora- 
tion & 
boiling 



a 
b 

c 
d 



boiling 



ateam 6 
bubble 



alcohol 
cup 'at 
water 



8. 

Explain 
smel la 



a . 
b, 



perfume 



onion 




9. 

Explain 
conden- 
sat ion 



b • ice 



c, car window 




^2 



